BACKGROUND: Resistance to chemotherapeutic agents has been associated with a failure of cancer cells to induce apoptosis. Strategies to restore apoptosis have led to the development of BH3 mimetics, which inhibit anti-apoptotic Bcl-2 family members. We examined the sensitivity of three oesophageal cancer cell lines to 5-fluorouracil (5-FU) alone and in combination with the BH3 mimetic HA14-1. METHODS: Clonogenic assays, morphology, markers of autophagy and apoptosis were used to assess the involved death mechanisms. RESULTS: In response to 5-FU treatment, OE21 cells induce apoptosis, KYSE450 and KYSE70 cells are more resistant and induce autophagy accompanied by type II cell death. Autophagy induction results in ineffective treatment as substantial numbers of cells survive and re-populate. HA14-1 did not improve 5-FU treatment or reduce colony re-growth in the apoptosis deficient KYSE70 cells. However, the sensitivity of OE21 (apoptotic) and KYSE450 cells (apoptosis deficient/type II cell death) was significantly improved. In OE21 cells, treatment with 5-FU and HA14-1 resulted in augmentation of apoptosis. In KYSE450 cells, the reduction in recovering colonies following combination treatment was due to the enhancement of type II cell death. CONCLUSION: The efficacy of HA14-1 is cell line dependent and is not reliant on apoptosis induction.
The prognosis of oesophageal cancer remains poor because of the absence of molecularly targeted therapies and resistance to conventional DNA-damaging chemotherapeutics. This resistance to therapy has been associated with a failure to induce apoptosis in response to DNA damage (O'Donovan et al, 2011) .
Disruption of apoptotic signalling can be achieved by loss of tumour-suppressor activity and upregulation of survival signalling pathways (Adams and Cory, 2007) . Ultimately, many signalling pathways that determine cell fate converge at the Bcl-2 family. In cancer, the balance between Bcl-2-negative regulators (Bcl-2/Bclx L /Mcl-1/A1/BCL-w) and positive regulators (Bax/Bak/BH3-only proteins) are disturbed such that initiation of apoptosis is difficult to achieve. Strategies to restore apoptosis have led to the development of BH3 mimetics (a novel class of therapeutics -now in clinical trials) designed to inhibit the interaction between Bcl-2 family members at BH3 domains (Zhang et al, 2007; Lessene et al, 2008; Kang and Reynolds, 2009) .
Although this strategy is designed to engage the apoptosis pathway in otherwise resistant cells, both Bcl-x L and Bcl-2 have also been implicated in the autophagy process. Both proteins can bind Beclin 1 (an autophagy regulator with a BH3 domain). Disruption of this interaction with ABT-737 (BH3 mimetic) induces autophagy (Maiuri et al, 2007) . The BH3-only proteins Bid, Bad and BNIP3 have also been reported to induce autophagy in cancer cells (Lamparska-Przybysz et al, 2005; Hamacher-Brady et al, 2007; Maiuri et al, 2007) . ApoL1, an autophagy regulator has a BH3 domain and its overexpression induces autophagic cell death (AuCD) (Wan et al, 2008) .
Autophagy is a survival mechanism that enables cells to tolerate adverse conditions such as starvation or withdrawal of survival signalling. However, it also has the potential to drive type II cell death/AuCD (Berry and Baehrecke, 2007; Wan et al, 2008) . It is possible therefore, that the cytotoxic effects of BH3 mimetics may not be limited to apoptosis induction.
In this study, we evaluated the effects of HA14-1 (BH3 mimetic) on three human squamous oesophageal cancer cell lines. Two of these cell lines fail to undergo apoptosis in response to 5-fluorouracil (5-FU) but instead induce an autophagic response, which is accompanied by type II cell death. Despite the presence of type II cell death morphologies, these populations will retain a substantial number of surviving autophagic cells that will re-populate, thus rendering treatment ineffective (O'Donovan et al, 2011) . In this study, we evaluated the potential of HA14-1 to reduce this survival and assessed the involved death mechanism.
MATERIALS AND METHODS

Cell culture
Human oesophageal cancer cell lines KYSE450 and KYSE70 were from DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany). OE21, OE19 and OE33 cells were from the European Collection of Cell Cultures, Salisbury, UK. KYSE450 cells were maintained in 50 : 50 RPMI 1640 : F-12 Hams medium, KYSE70, OE21, OE19 and OE33 cells were maintained in RPMI 1640 medium, all supplemented with 1% penicillin/streptomycin and 10% (v/v) fetal calf serum (SigmaAldrich, Arklow Co., Wicklow, Ireland) and grown at 37 1C, 5% CO 2 .
Morphological examination of cell death
Morphological features of cells treated with 5-FU and the BH3 mimetic HA14-1 (Sigma-Aldrich) were examined by light microscopy. Cytospun cells were stained with Rapi-Diff (Braidwood Laboratories, Ringmer, East Sussex, UK). Apoptosis is characterised by cell shrinkage, chromatin condensation, DNA fragmentation into 'apoptotic bodies' within an intact plasma membrane. Type II cell death was identified by clear elevation of cytoplasmic vesicles, loss of cytoplasmic material, pyknosis of the nuclear material and an intact nuclear membrane (Clarke, 1990) .
Western blot analysis
Protein extracts were lysed in modified RIPA buffer (50 mM HEPES, 150 mM NaCl, 2 mM EDTA, 0.1-1% Nonidet P-40, protease inhibitor mix cocktail). Primary antibodies were: anti-Mcl-1, anti-Bcl-2, anti-Bax (Santa Cruz Biotechnology, Heidelberg, Germany); anti-Bcl-x L (BD Transduction Laboratories, Oxford, UK) and anti-b-actin (Millipore, Carrigtwohill Co., Cork, Ireland). Proteins were visualised using relevant IR-DYE secondary antibodies (Rockland, Gilbertsville, PA, USA) on the Odyssey IR imaging system (Li-Cor, Cambridge, UK).
Genechip array analysis
Affymetrix (High Wycombe, UK) gene array analysis of OE19, OE33, OE21 and KYSE450 was conducted in triplicate. RNA was extracted from untreated cells (RNeasy kit -Qiagen, Crawley, West Sussex, UK). RNA sample quality was tabulated by bioanalyser and biophotometric quality control criteria. In vitro cDNA synthesis, biotin labelling, transcription, fragmentation and hybridisation to the Affymetrix GeneChip Human Genome U133 Plus 2.0 array was carried out by Almac Diagnostics (Craigavon Co., Armagh, UK) (www.almac.com).
RNA extraction and real-time PCR
RNA was extracted, treated with DNase (Ambion, Dublin, Ireland) and cDNA synthesised (Qiagen). Each real-time PCR reaction contained 0.5 mM of each primer, MgCl 2 (Noxa 4 mM, b-actin 3 mM), 1 Â LightCycler FastStart DNA Master SYBR Green and template cDNA. Primers:
0 . PCR conditions: 95 1C for 10 min; 50 Â for Noxa (b-actin 30Â) of 95 1C for 10 s, 62 1C for 5 s for Noxa (b-actin 57 1C), 72 1C for 7 s for Noxa (b-actin 8s) (Lightcycler System, Roche, Burgess Hill, West Sussex, UK). Relative Noxa transcript levels in the samples were quantified using the 'Delta-Delta' formula (Pfaffl, 2001 ).
Immunofluorescence analysis
Cells were fixed in 4% paraformaldehyde and incubated with anti-LC3 (Abgent, Oxfordshire, UK) or anti-caspase 3 (Cell Signaling, Danvers, MA, USA) and AlexaFluor-488 secondary antibody with standard washing procedures (Invitrogen, Paisley, UK). Analysis was carried out using an Olympus Fluorescence (Southend-on-Sea, Essex, UK) microscope.
Colony formation assay/statistical analysis
Colony formation assay determines whether cells can recover from treatment. Following treatment, viable cells were re-seeded in fresh media (without drug) in a six-well plate (in triplicate) and allowed to grow for 12 -14 days. Colonies were fixed in 96% ethanol and stained with ProDiff solution C (Braidwood Laboratories) and subsequently counted (presented as mean±s.e.m.).
RESULTS
Cell death induction with 5-fluorouracil
We investigated the cellular response of oesophageal cancer cell lines to 5-FU (40 mM) for 48 h and evaluated morphological features of apoptosis or non-apoptotic (type II) cell death (as described in the Materials and Methods section). The response of two of these cell lines (OE21 and KYSE450) to chemotherapeutics has previously been reported together with apoptosis and autophagy markers (O'Donovan et al, 2011) . 
Bcl-2 family expression in cell lines
The molecular determinants of apoptotic or autophagic responses to drug treatment in these cells are unknown. It is possible that high expression of negative regulators of apoptosis may impede apoptosis induction and autophagy is then induced as a default response to cellular damage. The concept of re-opening apoptotic signalling with a BH3 mimetic could therefore be explored, providing these Bcl-2 family members and a key positive effector of apoptosis (Bax or Bak) is expressed. We therefore evaluated basal expression levels of key Bcl-2 family members. The antiapoptotic proteins Mcl-1, Bcl-2 and Bcl-x L were expressed in all cell lines as was the pro-apoptotic protein Bax. Bcl-2 and Bcl-x L expression was slightly lower in the OE21 (apoptosis-sensitive) cell line and Bax was slightly higher, suggesting that this imbalance may be important for apoptosis susceptibility ( Figure 2A ).
Expression was also evaluated following treatment with 5-FU (40 mM) for 24 and 48 h ( Figure 2B ). There was no further loss of anti-apoptotic proteins in the OE21 cell line until 48 h when apoptosis would be initiated resulting in the degradation of many proteins. There was also no significant change in Bcl-2 family expression in the KYSE70 and KYSE450 cells.
Expression and induction of NOXA
We undertook Affymetrix array analysis (GeneChip Human Genome U133 Plus 2.0 arrays) to compare gene expression patterns in two apoptosis competent (OE21 and OE33) and two apoptosis incompetent oesophageal cancer cell lines (KYSE450 and OE19) (cell lines previously described in (O'Donovan et al, 2011) ). This analysis included two cell lines from this study (OE21 and KYSE450). Multi-domain Bcl-2 family members were not identified as being differentially expressed in the two groups. The only BH3-only protein flagged was NOXA. Noxa is a stress responsive BH3-only protein that can interact with Mcl-1 and with lower affinity to Bfl1/A1 to induce apoptosis (Ploner et al, 2008) . We therefore analysed NOXA transcript levels in KYSE70, KYSE450 and OE21 cell lines as absence of NOXA expression could be a major factor in their failure to undergo apoptosis. Real-time PCR analysis indicated that KYSE70 and KYSE450 (which undergo autophagy) have lower basal NOXA expression. As NOXA is a damage inducible gene, we also evaluated expression following treatment with 5-FU. Although NOXA expression was inducible in all cell lines in response to 5-FU (B4-fold) at 48 h, its expression in KYSE70 and KYSE450 was still well below the basal expression levels in OE21 cells ( Figure 2C ) suggesting there may be a deficiency in BH3-only signalling. We therefore evaluated the possibility of enhancing apoptosis with a mimetic that can inhibit the activities of Bcl-2 family members. HA14-1 is a small molecule inhibitor of Bcl-2 and has been shown to disrupt Bax and Bcl-2 interactions (Wang et al, 2000) . HA14-1 has previously been shown to enhance apoptosis induction in various tumour cell lines (Kang and Reynolds, 2009 ).
Effect of HA14-1 (BH3 mimetic) on cytotoxicity and recovery of drug-treated populations
We have previously shown that cells that induce apoptosis (OE21) fail to recover from 5-FU treatment, but cells that induce autophagy (KYSE450) recover when the drug is withdrawn (O'Donovan et al, 2011) . In this study, we evaluated the effects of HA14-1 on both cell viability at 24 and 48 h and the capacity of cells to recover in assays of clonogenic growth. Treatment times and drug concentrations were lowered in the more sensitive cell lines to achieve moderate recovery from 5-FU treatment alone and to enable comparison with combination treatment. All cell lines were treated with HA14-1 (20 mM) in the presence and absence of 5-FU. As a single agent, HA14-1 (20 mM) has minimal effects on clonogenic recovery in all cell lines (Figure 3 ). KYSE70 cells were treated for 24 h at a range of concentrations of 5-FU (10 -30 mM). The combination of 5-FU (10 -30 mM) and HA14-1 (20 mM) did not further sensitise these cells, nor did it alter their ability to recover compared with 5-FU alone ( Figure 3A) . KYSE450 cells are more drug resistant and show considerable recovery following 48-h treatment with 40 mM 5-FU. The combination of 5-FU (20 -40 mM) and HA14-1 (20 mM) significantly impeded the recovery of KYSE450 cells compared with 5-FU treatment alone ( Figure 3B ). OE21 is the most drug-sensitive cell line; however, when the duration of drug treatment is reduced to 24 h, limited recovery can be observed following treatment at 10, 20 and 30 mM 5-FU. When 5-FU (10 -30 mM) and HA14-1 (20 mM) are combined, OE21 cells are further sensitised and recovery is significantly reduced ( Figure 3C ). It is important to note that following treatment with either 5-FU or HA14-1 alone or in combination, the numbers of viable cells (for both KYSE450 and OE21 cells) were not significantly reduced by the combination treatment at the 24-and 48-h time points (Supplementary figure); yet, their ability to recover and form colonies is compromised.
These data suggest that there are clear benefits to combining the chemotherapeutic 5-FU with HA14-1 in both the KYSE450 and OE21 cell lines; however this combination regime is of no benefit in KYSE70 cells.
Effects of HA14-1 (BH3 mimetic) on apoptosis and type II cell death morphologies
It is currently unclear whether HA14-1 re-activates apoptosis in previously apoptosis incompetent cells or induces an alternative death mechanism. We therefore looked for evidence of apoptosis, autophagy and type II cell death in the cell lines that respond to combination treatment. Cells were treated with HA14-1 (20 mM) in the presence and absence of 5-FU for 24 and 48 h (Figure 4) .
In KYSE450 cells, HA14-1 (20 mM) alone resulted in minor accumulation of cytoplasmic vesicles ( Figure 4A Figure   4A(i), upper right panel) , which is enhanced in combination with HA14-1 (20 mM) ( Figure 4A(i) , lower right panel). These morphological features were quantified by counting cells treated for 48 h (40 mM 5-FU±20 mM HA14-1) ( Figure 4A(ii) ). These data demonstrate that the addition of HA14-1 to 5-FU treatment rarely induced apoptosis and the principal morphology in affected cells was type II cell death.
The more drug-sensitive OE21 cells respond to 5-FU treatment (30 mM) by inducing apoptosis (Figure 4B(i) , upper middle and right panel). HA14-1 (20 mM) alone caused mild induction of cytoplasmic vesicles in a small number of cells ( Figure 4B(i) , lower left panel) but the combination treatment of both 5-FU and HA14-1 at 24 and 48 h, resulted in persistence of apoptosis ( Figure 4B(i) , lower middle and right panel and 4B(ii)). These morphological features were quantified by counting cells treated for 24 h (30 mM 5-FU ± 20 mM HA14-1) ( Figure 4B (ii)). Levels of apoptosis were low at 24 h (o5%) and are not significantly different between 5-FU and the combination of 5-FU and HA14-1. However, the recovery of treated OE21 cells (previous section) was clearly affected, suggesting an augmented apoptotic death in the presence of HA14-1. Morphology at 48 h again shows predominance of apoptosis with similar levels in both 5-FU and the HA14-1 combination (B30%). OE21 cells treated for 48 h with 5-FU (30 mM) alone will not recover in clonogenic assays (data not shown). It is noteworthy that if exposure to 5-FU can be maintained for a sufficient length of time, there will be no benefit to adding HA14-1, as apoptosis will be induced in these cells by the chemotherapeutic alone. 
Markers of autophagy and apoptosis
To confirm the presence of early autophagy in KYSE450 cells, we examined LC3 distribution in drug-treated cells ( Figure 5A ). Both 5-FU (40 mM) and HA14-1 (20 mM) alone resulted in a punctuate distribution of LC3 indicating the formation of early autophagosomes. The combination of 5-FU and HA14-1 resulted in a modest enhancement of the number of cells with LC3 staining (Figure 5A , lower middle and right panel). In OE21 cells, HA14-1 (20 mM) alone induced early features of autophagy, an effect that was confirmed by redistribution of LC3. However, LC3 staining was not enhanced in combination-treated cells (data not shown).
Levels of active caspase 3 were quantified in KYSE450 and OE21 cell lines ( Figure 5B ). There were no significant activation of caspase 3 in the KYSE450-treated cells (Figure 5B(i) ). A modest increase in active caspase 3 was detected in the OE21 cells treated with the combination of 5-FU (20-30 mM) and HA14-1 (20 mM) ( Figure 5B (ii)), which reflects apoptosis levels observed at 24 h ( Figure 4B(ii) ).
These data indicate that when cancer cells are apoptosis competent, HA14-1 can further enhance the early induction of this program. However, if 5-FU is present for sufficient time, apoptosis will be induced and may be adequate to prevent recovery of the cells. In apoptosis incompetent cells, there is either no response (KYSE70) or there is an enhancement of autophagy and type II cell death (KYSE450). Our current analysis of the expression of Bcl-2 family members could not predict which cell lines would respond and clearly an enhanced cell death response can be independent of apoptosis. 
DISCUSSION
The design of BH3 mimetics was based on the rationale that by acting as inhibitors of the anti-apoptotic Bcl-2 family members, these compounds would activate apoptosis. However, it is currently unclear whether this is their mode of action in all cancer cells or whether they could also induce alternative forms of cell death. In addition, recent reports of interaction with autophagy regulators underscore the need for a re-evaluation of their activity -as autophagy can be both protective and detrimental to cell viability. We have previously shown how cell death mechanisms can influence the chemotherapeutic response and recovery of oesophageal cancer cells (O'Donovan et al, 2011) . In this study, we investigated whether the addition of a BH3 mimetic (HA14-1) could influence cellular response to 5-FU. In apoptosis competent OE21 cells, the combination of HA14-1 and 5-FU promoted early apoptosis and reduced clonogenic survival compared with 5-FU alone. Of the two apoptosis incompetent/type II cell death inducing cells lines, only KYSE450 was sensitised by the combination of HA14-1 and 5-FU, resulting in reduced recovery. The cell death observed in KYSE450 cells was type II and this was preceded by elevated autophagy. These data suggest that HA14-1 can enhance the toxicity of 5-FU in the absence of apoptosis by advancing autophagy and type II cell death. However, as is the case with KYSE70 cells, not all apoptosis incompetent/type II cells will be susceptible to HA14-1.
Other studies have reported that HA14-1 induces apoptosis in cancer cell lines. It has been shown to enhance the cytotoxicity of several compounds (Kang and Reynolds, 2009 ). The precise mechanism of action of HA14-1 is unclear. HA14-1 is an inhibitor of Bcl-2 and is thought to disrupt Bax and Bcl-2 interactions (Wang et al, 2000; Manero et al, 2006) . Expression of Mcl-1 may impact on the effectiveness of HA14-1 but this is poorly understood and may be cell line dependent (Simonin et al, 2009) . To the best of our knowledge, no study has examined the consequences of combination treatment of HA14-1 and 5-FU.
Several BH3 mimetics are currently in either pre-clinical development or have advanced to clinical trials (Zhang et al, 2007; Ghiotto et al, 2010) . These include gossypol and its analogues (targets Bcl-2, Bcl-x L and Mcl-1), GX15-070 (Obatoclax -Gemin X Biotechnologies (Montreal, QC, Canada), which binds to all antiapoptotic Bcl-2 family members) and ABT-737 (binds to Bcl-2, Bclx L and Bcl-w but not to Mcl-1). ABT-737 is one of the most advanced Bcl-2 inhibitors in clinical development (oral version is ABT-263 -Abbott Laboratories, Chicago, IL, USA). Cell lines and tumours expressing high Mcl-1 levels are resistant to ABT-737 (van Delft et al, 2006; Lessene et al, 2008) . In lymphoblastic and small cell lung cancers, ABT-737 was found to enhance apoptosis (Leber et al, 2010) . The majority of studies indicate that ABT-737 does not directly induce cell death and has limited value as a mono-therapy. It can, however, enhance susceptibility to death and has been shown to be synergistic with chemotherapeutics and radiation (Oltersdorf et al, 2005) .
The precise mechanism of action of mimetics is unclear as some have weak affinities for their putative targets (Zhai et al, 2006) . ABT-737 has also been shown to induce autophagy. It disrupts the interaction between Bcl-2/Bcl-x L and Beclin 1, thereby releasing Beclin 1 to initiate autophagy (Maiuri et al, 2007) . Both HA14-1 and ABT-737 have been reported to stimulate multiple proautophagic signal transduction pathways and to activate the nutrient sensors Sirtuin 1 and AMP-dependent kinase, inhibit mammalian target of rapamycin, deplete cytoplasmic p53 and trigger the IB kinase (Malik et al, 2011) . A new analogue of HA14-1 (sHA 14-1) has also been reported to induce ER stress and calcium release, which may contribute to its mechanism of action (Hermanson et al, 2009) . In keeping with these and our findings, recent reports have shown that treatment with HA14-1 alone can induce autophagy in leukaemic, osteosarcoma, ovarian and cervical cancer cell lines (Kessel and Reiners, 2007; Simonin et al, 2009; Malik et al, 2011) .
HA14-1, gossypol and GX15-070 have been reported to promote caspase-independent cell death and do not require Bax/Bak for their cytotoxicity (van Delft et al, 2006; Ghiotto et al, 2010) . In the MCF-7 cell line model, gossypol (a natural BH3 mimetic) induced both Beclin 1 dependent and Beclin 1-independent cytoprotective autophagy (Gao et al, 2010) . In contrast, in malignant glioma cells gossypol potentiated the cell death induced by temozolomide and autophagy contributed to this type of cell death (Voss et al, 2010) . Also, analysis of androgen-independent prostate cancer cells showed that gossypol interrupted Beclin 1 and Bcl-2/Bcl-x L interactions and that gossypol-induced autophagy was dependent on Beclin 1 and Atg5 (Lian et al, 2011) .
In acute lymphoblastic and acute myeloid leukaemia cells, combination treatment with GX15-070 activated both apoptosis and autophagy (Heidari et al, 2010; Wei et al, 2010) . In non-small cell lung cancer cell line models, GX15-070-induced Atg7-dependent autophagy independent of Beclin 1 and Bax/Bak (McCoy et al, 2010) . GX15-070 has been used in combination with chemotherapeutics for in vitro studies of oesophageal cancer. It has been reported that GX15-070-induced autophagy and inhibited the growth of oesophageal cancer cells. It was also found to synergise with either carboplatin or 5-FU through enhanced apoptosis. In their model, inhibiting autophagy increased the levels of apoptosis suggesting that autophagy induced by GX15-070 treatment may have a cyto-protective effect (Pan et al, 2010) . This is in contrast to this study in which we found that combining HA14-1 with 5-FU increased the levels of autophagy and subsequent type II cell death suggesting that the observed reduction in clonogenic survival in KYSE450 cells is due to the enhancement of this form of cell death.
Collectively these studies indicate that activation of apoptotic signalling cascade may not be the sole activity of BH3 mimetics. In our study, combining HA14-1 with 5-FU in KYSE450 cells resulted in enhanced autophagy and type II cell death. However, not all chemo-resistant cells (KYSE70) benefited from this type of treatment and a deficiency of the DNA damage responsive BH3-only protein-Noxa was not predictive of response. Clearly, unless we understand the molecular determinants of response, these compounds will be used clinically without adequate predictive markers. The consequences of autophagy induction also seem to vary with some studies, like ours, finding enhanced type II cell death, whereas others report a protective effect.
In this study, HA14-1 was found to be of benefit in 2 out of 3 oesophageal cancer cell lines when used in conjugation with 5-FU. Induction of apoptosis was not required for chemo-sensitisation. It could be argued that apoptosis competent tumours will be more treatable with chemotherapeutics alone and that the real benefit of these mimetics may be in enhancing type II cell death in apoptosis incompetent cells. The combination of HA14-1 and 5-FU could be a potential treatment for oesophageal cancer if the problems pertaining to HA14-1's poor solubility and stability could be overcome. Newer analogues are already showing promise in this regard (Tian et al, 2008) . In addition, molecular markers truly predictive of response need to be established. Alternatively, combining 5-FU with a more potent inducer of type II cell death may be an alternative treatment strategy for oesophageal cancer.
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